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Department of Chemical and Biomolecular Engineering, University of Houston, Houston, TexasABSTRACT Protein association in lipid membranes is a complex process with thermodynamics directed by a multitude of
different factors. Amino-acid sequence is a molecular parameter that affects dimerization as shown by limited directed mutations
along the transmembrane domains. Membrane-mediated interactions are also important although details of such contributions
remain largely unclear. In this study, we probe directly the free energy of association of Glycophorin A by means of extensive
parallel Monte Carlo simulations with recently developed methods and a model that accounts for sequence-speciﬁcity while rep-
resenting lipid membranes faithfully. We ﬁnd that lipid-induced interactions are signiﬁcant both at short and intermediate separa-
tions. The ability of molecules to tilt in a speciﬁc hydrophobic environment extends their accessible interfaces, leading to
intermittent contacts during protein recognition. The dimer with the lowest free energy is largely determined by the favorable lipid-
induced attractive interactions at the closest distance. Finally, the coarse-grained model employed herein, together with the exten-
sive sampling performed, provides estimates of the free energy of association that are in excellent agreement with existing data.INTRODUCTIONThe association of transmembrane proteins to a larger func-
tional structure is a complex process of particular physiolog-
ical significance. Major signaling mechanisms are directed
by events that are stimulated by ligand-binding to extramem-
brane domains. However, mutations in the transmembrane
(TM) sequence lead to changes in the association thermody-
namics underlining the role of the TM domains (1–3).
Furthermore, specific motifs along the TM amino-acid
sequence prevail in the interface formed in the dimer state,
supporting the sequence-specific character of the process.
In the case of Glycophorin A (GpA), a well-studied protein
with a single TM domain that undergoes dimerization,
a pattern of seven amino acids (LIxxGVxxGVxxT) is consid-
ered important for the formation of a stable dimer (4–11). Van
der Waals interactions at the dimer interface are suggested to
be a major factor of GpA dimerization (6,12–14).
GpA is used as a model system for extensive experimental,
theoretical, and simulation studies focusing on TM protein
association. The motifs critical to GpA stability are often em-
ployed to analyze the association affinity of other TMproteins
(15). Extensive computational studies with atomistic and
coarse-grain models have examined the GpA dimer in agree-
ment with experimental findings (5,16–20). Petrache et al.Submitted February 8, 2010, and accepted for publication April 5, 2010.
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0006-3495/10/07/0284/9 $2.00(18) performed atomistic molecular dynamics (MD) simula-
tions of preformed dimers in different lipid environments
(di-myristoyl phosphatidylcholine, DMPC; di-palmitoyl
phosphatidylcholine, DPPC, and di-oleoyl phosphatidylcho-
line, DOPC) verifying their stability. While structure was
maintained, different fluctuations indicated that the range of
accessible conformations can be modulated by membrane
thickness. He´nin et al. (21) performed a thorough study using
biased MD simulations to extract the free energy profile as
a function of lateral separation between two GpA helices in
a dodecane layer. This information is of paramount interest,
as it provides direct insight into the association mechanism
that is not experimentally accessible. It was supported that
the process presents high complexity. Association in a deter-
gent-like environment could be divided into two regimes:
a short-range where a configuration characteristic to a dimer
is found, and a long-range where several residues form occa-
sionally interhelical contacts. Furthermore, this configura-
tion-dependent formation of contacts resulted in an additional
minimum in the free energy profile (21). Such early intermit-
tent contacts could provide significant contributions to dimer
formation; to our knowledge, their presence and characteris-
tics in a lipid bilayer has not been thoroughly investigated.
Helix-association in detergent-like environments or
implicit membranes is often the method of choice to study
protein association due to moderate demand of computa-
tional time (22–25). However, such methods do not allow
a complete characterization of membrane-induced effects
on protein assembly and activity; the latter can depend
highly on details of the lipidic environment in proximity to
the proteins (26–29). In the case of GpA association, exper-
iments suggested that hydrophobic mismatch holds a prin-
cipal role on dimerization (30) while other studies have
supported the idea that protein-protein interactions can bedoi: 10.1016/j.bpj.2010.04.005
TABLE 1 Lipid bilayer properties with thickness increasing
from DLPC to DPPC and DOPC
Association of Glycophorin A 285separable from lipid-protein and lipid-lipid contributions
(31). Simulations that account explicitly for the membrane
environment have led to mixed results. Integral equation
theory predicts that lipids induce a (nonmonotonic with
distance) attractive interaction on two cylinders embedded
perpendicularly in a lipid membrane. This attraction can be
several kBT, yet at intermediate distances, a repulsion was
observed (32–34). Similar results were obtained with meso-
scopic simulations (35). The atomistic study of GpA in
dodecane resulted in exclusively attractive, induced interac-
tions, in contrast to theoretical predictions (24), although no
separate contributions by the hydrophobic environment and
the solvent were provided in the former (21).
Recently, Bond and Sansom (36) have studied GpA asso-
ciation in explicit membranes with a coarse-grain (CG)
representation that is capable of accounting for sequence-
specificity; such studies have been performed for other
proteins systems as well (37). A subsequent study addressed
mutations and provided estimates of the free energy differ-
ence between monomer and dimer state using a set of seven
independent MD simulations (38). Although coarse-graining
at this resolution appears appealing, unfortunately the level
of detail included is coupled with a decrease in efficiency.
Therefore, the study of multiple association phenomena
remains a challenging task.
In this article, we examine the association of GpA by
providing free-energy profiles in explicit lipid bilayers.
To the best of our knowledge, such estimates for GpA in lipid
bilayers have not been reported. A second aim is to investigate
how the characteristics of the membrane environment affect
the association process, a subject of recent studies (35,39).
Our simulations examine the effect of both the hydrophobic
environment and amino-acid sequence; this is not feasible
without sufficient resolution and rigorous sampling of protein
conformations. We employ CG models capable of represent-
ing the properties of lipid bilayers and maintain sequence-
specificity (40,41). Furthermore,we apply efficient large-scale
parallel Monte Carlo (MC) simulations involving hundreds of
pairs of proteins over extended ranges of separation. We find
that the stability of the dimer state depends largely on lipid-
induced interactions; the lipid membrane does not only modu-
late the final structure but has a significant impact on the
formation of early contacts. Helix-tilting enhances the extent
of accessible interfaces with multiple free energy-minima
appearing as a function of lateral separation. Finally, our esti-
mates on the free energy of association are in excellent
agreement with experimental data and theoretical predictions.Lipid
Area/lipid
(nm2)
Thickness (PO4–PO4
and GLY-GLY) (nm)
DLPC 0.63 3.37, 2.49
DPPC 0.63 4.09, 3.16
DOPC 0.70 4.36, 3.48
Lipid bilayer properties. Thickness (average separation along the normal
between characteristic groups on the two leaflets) increases from DLPC to
DPPC and DOPC.METHODS AND MODEL
Model
The model of GpA was composed of a sequence of 27 amino acids that
included the transmembrane domain
E70PEITLIIFGVMAGVIGTILLISYGIR96:We employed 27 residues to ensure that the helix maintains contact with
the water-lipid interface. The CG model was built as described in the liter-
ature preserving an a-helical secondary structure between amino acids 73
and 95 (41). As common with such CG models, the secondary structure is
imposed through specific potential terms. This approximation follows the
two-stage model by Popot and Engelman (42) and is supported by exper-
imental data on GpA (43). The charged amino acids close to the interface
(residues 70, 72, and 96) were neutralized by two sodium ions and one
chlorine ion. The model is similar to past successful studies (36,38)
although interaction potentials were based on a more recent version of
the force field with no modifications applied (40,41). These effective inter-
actions account for the characteristics (such as hydrogen-bonding) of
each amino acid. The association of GpA is assessed in three lipid bila-
yers: DPPC (di-16:0 PC), DOPC (di-18:1 PC), and di-lauroyl phosphati-
dylcholine (DLPC, di-12:0 PC) that exhibit different properties (Table 1).
Due to tail length and unsaturation (for DOPC) the liquid-ordered to
liquid-disordered phase transition temperatures are experimentally reported
as 314 K for DPPC, 251 K for DOPC, and 273 K for DLPC (44). All
our simulations were performed at 323 K while in the liquid-disordered
phase.Simulations
(MW)2-XDOS potential of mean force calculations
Potential of mean force (PMF) calculations provide the free energy along
a generalized reaction coordinate (RC) with x ¼ lateral separation and t ¼
tilt angle. We use the multiple-walkers, multiple-windows expanded density
of states (MW)2-XDOS method (45), an enhanced, parallel version of the
EXEDOS method (46,47) based on the Wang-Landau density-of-states
algorithm (48). The method allows continuous uniform sampling of the
RC without a priori knowledge of the free energy profile. This is achieved
by an iterative computation of weighting factors g(x). Upon convergence,
the PMF can be extracted using the weights as U(x) ¼ –kBT ln g(x) þ C.
Alternatively, the PMF can be calculated by integrating the mean projected
force along the RC hFix ¼ vU(x)/vx. In this study, decomposition of PMF
profiles is performed by integrating separate average forces by ions, water,
lipid, and intermolecular protein atoms.
The RC employed was the projection of the distance between the center-
of-mass (CM) of the two helices on the midbilayer plane, denoted as x. For
reasons discussed further below, the range of x in DPPC and DOPC bila-
yers was 0.4–4.6 nm while in DLPC it was increased to 5.4 nm. Systems
consisted of two protein helices, 400 lipid molecules, 4000 CG water
beads, four sodium ions, and two chlorine ions. Simulations were per-
formed over 16 windows with eight walkers in each window (total of
128) for each system (45). For DPPC and DOPC, the first five windows
(up to 1.3 nm) were 0.3 nm in size, with 0.1 nm overlap at each end to
allow for frequent successful configuration exchanges (45). The remaining
11 windows were 0.4 nm large with 0.12 nm overlap. Due to the increased
RC range in the DLPC system, window sizes were increased to 0.35 nm for
the first 5, 0.45 nm for the next 10, and 0.55 nm for the last one.Biophysical Journal 99(1) 284–292
286 Janosi et al.(MW)2-XDOS simulations involved
1. MC moves on helices with 0.8% probability. These moves were further
distributed to 50% directional displacement (translation along x (45))
of both proteins, 30% rotations of one GpA around helix axis, and
20% changes in t. Both angular moves were centered at the CM, keeping
x unaltered.
2. A total of 99.1% MC moves are on lipid, water, or ion beads. Selections
were performed in a preferential scheme using two centers defined by the
CM of the two proteins (45). Ninety-five percent of these moves were
simple random translations of individual beads; 3% corresponded to pref-
erential selection (based on the phosphate group, or PO4, bead) and
displacement of a lipid and 2% rotation.
3. A total of 0.1% hybrid 1-ps MD moves (5 fs time step), which altered the
whole configuration (49). The acceptance ratio included the change of the
total Hamiltonian with a prefactor xold/xnew (45).
Additional calculations
Additional supplemental simulations performed are discussed briefly herein:
1. An atomistic, NPT ensemble, 60 ns long MD simulation of a single GpA
helix in a DPPC bilayer with 236 lipids using the GROMOS 53a6 force
field (50,51) and GROMACS (52).
2. CGMD simulations of a single GpA helix in DLPC, DPPCN, and DOPC.
3. EXEDOS PMF calculations along t of a single helix in each of the three
systems. The free energy as a function of t was calculated by the weights
required to perform uniform sampling (Fig. 1 B) with a profile similar to
recent studies (53).RESULTS
Single helix in a lipid bilayer
Fig. 1 A presents the mean positions of the CM of the amino
acids with respect to the membrane normal extracted by
unbiased equilibrium MD simulations. The continuous line
is the result of atomistic simulations, providing evidence
for an a-helix secondary structure throughout the hydro-
phobic domain of the membrane. Data from the CG MD
simulations are in fair agreement, supporting the simpler
model (size of points represent the model’s resolution; one
bead is 0.47 nm) (40,41). We examined the membrane
thickness in proximity of the protein but no appreciable
deviation was observed from the average (Table 1). For these
small molecules, tilting is the major mechanism to com-
pensate for any hydrophobic mismatch. In addition, entropicE P E I T L I I F GVMA GV I GT I L L I S Y G I R
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Biophysical Journal 99(1) 284–292contributions induce tilting even when there is no mis-
match (53).
To quantify fluctuations around the average positions we
examined the distribution of t observed during CG MD
simulations of a single helix as shown in the inset of Fig. 1 B.
The most probable angle isz33 in DLPC,z16 in DPPC,
and z13 in DOPC, with averages of z32, z18, and
z15, respectively. A more comprehensive measure is the
free energy change along t (53). A first estimate from the
histograms is given by U ¼ –kBT ln p where p is the proba-
bility of observing a value of t. Such estimates (shifted to
zero at the minimum) are shown by points in Fig. 1 B.
Any value above kBT by equilibrium simulations is highly
uncertain due to low number of states sampled. Therefore,
we performed MC PMF calculations choosing t as our
RC. The profiles (lines in Fig. 1 B) are in good agreement
with the MD simulations for low values of the PMF. Overall,
we find that t can fluctuate between 16 and 46 for DLPC.
In contrast, in DPPC, values range from 3 to 30 and in
DOPC from 3 to 26. The free energy changes are similar
to atomistic studies of a WALP peptide (53) providing
further support for the simpler CG model used herein.
Association: subtleties of PMF calculations
We chose the lateral separation of the CM of the two helices
x for our RC in association studies (as, e.g., in (21,35)); fluc-
tuations along the normal of the membrane were <0.5 nm
(21). Several shortcomings exist with any choice of a
single RC, e.g., x is not entirely descriptive of the range of
direct protein-protein interaction because, for a specific
value, tilting can alter the number of interhelical contacts.
The minimum interhelical separation between any amino
acids on the two helices provides an alternate RC (54,55).
Fig. 2 A presents the distribution of minimum distance
as a function of x for GpA in DLPC. We noticed several
features:
1. For x < 1.6 nm there is always a contact (z0.47 nm).
2. For 1.6 nm < x < 3.5 nm, contacts are occasionally
formed, depending on the relative orientation and config-
uration of the two helices.40 50 60
)
0 20 30 40 50 60
≅1 kT
DLPC
DPPC
DOPC
FIGURE 1 (A) Distribution of GpA amino acids
(CM) along the membrane-normal in DOPC,
DPPC, and DLPC centered with respect to the
bilayer midplane. Results from atomistic simula-
tions are plotted with a line, while symbols corre-
spond to the CG model. The average thickness of
each CG bilayer is shown based on the PO4-PO4
distance (Table 1). (B) PMF as a function of t for
a single helix in each lipid bilayer. Points are
extracted in equilibrium MD simulations by accu-
mulation of probabilities (Inset). Lines are estimates
extracted in MC PMF simulations by the weights
required to perform uniform sampling along t.
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FIGURE 2 (A) Distribution of minimum inter-
helical distance as a function of x in a DLPC
bilayer. The darker color denotes higher proba-
bility. At low separations, a contact at z0.47 nm
(size of beads) is certain. (B) Evolution of x
between two helices throughout the MC simulation
(shown for four replicas) for GpA in DPPC. One-
hundred-and-twenty-eight pairs were considered
for each system. (C) PMF of GpA association in
a DLPC bilayer as calculated by integrating the
mean force projected along x (dashed line) and by
the weights estimated to perform a random walk
along this RC (symbols). The mean force hFix is
shown by the solid line and in contrast to the
PMF is calculated in absolute scale (with uniform
sampling and error approximately the size of fluctu-
ations at large x as hFix/N ¼ 0).
Association of Glycophorin A 2873. Although no contacts are apparent for x > 3.5 nm, the
distribution of minimum distances becomes symmetric
(at a constant x value with respect to the mean) atz5 nm.
As the lipid membrane can impose indirect correlations,
we extended the maximum x to 5.4 nm for the DLPC bilayer
(higher tilting).
Our parallel MC algorithm enhances sampling only along
a single RC (x), therefore it is essential to perform rigorous
canonical sampling of all remaining degrees of freedom at
a value of x. Designed MC moves (preferential sampling)
and the ability of proteins to experience large separations
(where no correlations persist) are critical. The latter is
achieved in (MW)2-XDOS simulations (Fig. 2 B) by employ-
ing 128 unconstrained pairs for each system.
Finally, the free energy profiles can be extracted by the
weights iteratively estimated or by integrating the forces
accumulated as a function of x. Mean forces along RC are
known in absolute scale (in contrast to the unknown constant
in PMFs due to integration). The flat-histogram method
provides mean force samples of equal quality along x.
Fig. 2 C presents the PMF profile as extracted by the weights
and by integrating the forces, for GpA in DLPC. The free
energy change of z6.3 kcal/mol supports the formation of
a stable dimer. As discussed later, this estimate is consistent
with the literature (6,21,24) The position of the minimum
agrees well with atomistic studies in dodecane with free
energy values appearing higher, closer to experimental data
(21). Additionally, distinct features at short distances are
attributed to intermittent contacts (21). In DLPC, we
observed more than one oscillation in the mean force profile
with a periodicity Dxz 0.4 nm; in DPPC and DOPC, sepa-
rations between minima decrease considerably and their
presence was not clear.Potential of mean force in different lipid
environments
The extracted free energy profiles are summarized in Fig. 3.
In all three bilayers a stable dimer is formed with DPPC
providing the most favorable environment (z7.3 kcal/mol)
followed by DOPC and DLPC (both z6.3 kcal/mol). By
analyzing the free energy profile we find that the total
free energy is a result of a competitive or synergistic effect
of lipid-induced and protein-protein contributions. Water
induces a repulsion between the two proteins correspond-
ing to dewetting of hydrophilic residues at the interfaces,
whereas ion-induced contributions were negligible and
omitted for clarity. The most favorable environment for
dimerization is provided by DPPC due to extensive attractive
interactions between the helices and synergistic lipid-
induced effects at similar values of x.
Lipid-induced interactions
Membrane-mediated interactions in all three systems present
a nonmonotonic profile with x. At intermediate ranges,
desorption of lipids is unfavorable, leading to a repulsion
that grows with membrane thickness. However, when lipids
in-between the proteins are depleted, there is an induced
attraction due to entropic gain of lipid tails. Zhang and Laz-
aridis (24) predicted a positive contribution, whereas He´nin’s
(21) results in dodecane were always negative (sum of
solvent and dodecane), accounting for almost 50% of the
total. We attribute differences to the highly anisotropic
ordered lipid bilayer environment. Our estimations agree
with calculations for 0.5 nm cylinders in membranes by
a combination of integral equation theory and atomistic
simulations (32–34). Dissipative particle dynamics with
mesoscopic models resulted in similar predictions (35).Biophysical Journal 99(1) 284–292
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FIGURE 3 (A) PMF for GpA association in three different bilayers with
decomposition to separate contributions: total (continuous line), protein-
protein (dashed), lipid-protein (dash-dotted), and water-protein (dotted).
(B) Comparison of protein-protein and lipid-induced contributions.
288 Janosi et al.Given the increased complexity of our systems, we find the
agreement very favorable.
The range of the attractive contributions is different due
to tilting effects. In DLPC at a separation below 1.5 nm,
no significant lipid atoms are located in-between helices.
In DOPC, this distance is lowered to 0.85 nm with a clear
repulsive peak at larger distances. At the total PMFBiophysical Journal 99(1) 284–292minimum, the lipids provide for up to 2/3 of the free energy
of association. The actual value is not merely a function of
thickness of the bilayer; although similar values at the
lowest separation are found between DPPC and DLPC
(difference in the slope attributed to the volume between
the proteins as a function of their tilting), for DOPC, contri-
butions were weaker (Fig. 3 B). We attribute this to the
reduced structural ordering due to oleoyl-tail content which
lowers the gel-to-liquid transition temperature (44). Experi-
ments support stronger protein dimerization in liquid-
ordered domains (27).
Protein-protein interactions
Fig. 3 B suggests that DOPC presents the most extensive
protein-protein interactions as a result of low tilting and
the larger surface of the interface formed. A very intriguing
finding: the oscillations in the mean force and the nonmono-
tonic dependence of the free energy with x, mostly apparent
for DLPC. As described by He´nin et al. (21) these features
could have a critical role in recognition and dimerization.
To examine their origin, it is first noted that protein-protein
interactions are indirectly affected by the environment.
Helices form different configurations at each value of x
with respect to properties as, e.g., tilt angle and crossing
angle. As the proteins approach, their entropy (e.g., rota-
tional entropy) is reduced and the ensemble of these struc-
tures is drastically changing.
Fig. 4 presents contact maps for DLPC and DPPC at
approximately the free energy minimum and two snapshots
of sampled protein configurations. GpA association dis-
plays specific packing that is in fair agreement to the
LIxxGVxxGVxxT motif extensively reported in the litera-
ture (4–11). However, for this range of x, an ensemble of
structures is probed in DLPC, consisting of both symmetric
and asymmetric dimers across the same face of the helices
with the small Gly residues. In Fig. 4 C, Gly-79 packs
against Leu-75, Gly-83 against Gly-79, and Gly-86 with
Gly-83. This asymmetric configuration has a separation at
the free energy minimum in DLPC; because significant tilt-
ing is required to form such structures, symmetric dimers
as shown in Fig. 4 D are preferred in DPPC. Most configu-
rations differ by a shift along the helical axis of the other
protein moving along the same interface with the Gly resi-
dues. These shifts (z0.65 nm in the CG model) produce
a change in lateral separation that is dependent on tilting.
For t ¼ 30, these changes along the lateral separation will
be z0.33 nm. Despite the simplicity of this calculation (as
helical turns fluctuate in distance and proteins assert different
tilt angles and orientations), it is enlightening that this agrees
well with Dx values between minima in Fig. 2 C and Fig. 3.
For GpA in DPPC and DOPC, the interface was significantly
more well defined. In addition, for proteins nearly parallel to
the normal of the membrane, contacts can shift along this
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Association of Glycophorin A 289interface without any direct noticeable effect on our PMF
profiles (x is the lateral CM separation).
Dimer characterization
Fig. 5 A presents the average t of helices as a function of x.
At large separations, the proteins assert their monomeric state
with t as in Fig. 1 B. As the proteins approach, approximately
at 2 nm in all three systems, t increases. As shown in Fig. 2 A,
below this distance, contacts persist. There is an additional
interesting feature: the extent of tilting is highly dependent
on the lipid environment. In DLPC, helices tilt up to 42,
which in a single monomeric state corresponds toz 0.5 kBT
per protein. This change is diminished as we move to DPPC
and DOPC systems. At even shorter separations, close to
the minimum of the PMF, t-values found were close to the
single-helix unperturbed angle. Favorable lipid-induced
interactions force the helices to approach further, with values
of 255 3. The process is intrinsically different: in DLPC,
there is a continuous decrease of t to z 27, whereas for
DPPC and DOPC, a nonmonotonic dependence is found.
This nonmonotonic dependence is coupled to another
property that describes the configuration of a dimer, the
crossing angle U (54). The experimentally determined Ufor GpA in detergents is 40 (12), while in membranes,
a lower value of 35 was reported (56); both correspond
to a right-handed conformation (16,4,5). He´nin et al. (21)
reported a steep change of U during dimerization in dodec-
ane. Fig. 5, C and D, presenting the entire distribution of
sampled U as a function of x in DPPC and DOPC, are in
agreement. In contrast, in DLPC, the proteins approach in
configurations that monotonically decrease U. We empha-
size that Fig. 5, B–D, represent a conditional probability
of U for a specific separation. An equilibrium simulation
will result in an ensemble of structures of various x-values
with a probability prescribed by the PMF (Fig. 3). There-
fore a bimodal distribution can be observed (as in (38))
that we attribute to dimers with different lateral separations.
The overall population will depend on the balance between
lipid-induced and protein-protein contributions, as shown in
Fig. 3.
Comparison to experiments
Experimentally, protein association is characterized by an
overall observed free energy change DG. Due to various
factors (e.g., concentration of hydrophobic environment),
comparing DG among different experiments, theories, or
models is not straightforward (24,57). To derive the free
energy, we integrated over RC and extracted an association
constant K. Different calculation formulas are available
(58,59); herein we employed the following definition
(21,60):
K ¼ 2p
Zxmax
0
xe
UðxÞkBT dx: (1)
The above expression (with xmax the value where the PMF
converges to zero atz3.3–4.0 nm) and
DG ¼ RT In K (2)
yields 6.7, 7.5, and 6.6 kcal/mol in DLPC, DPPC, and
DOPC, respectively. Because this estimate implies a standard
concentration of one molecule/nm2 (58,24), we calculated
the standard concentration 1 M in terms of area of hydro-
phobic phase. Note that 1 M corresponds to 1.660 nm3 per
molecule; given the thickness reported in Table 1 (lipid tail
thickness as in (24) for the glycerol group GLY-GLY beads),
this corresponds to a concentration of 1 molecule per 0.67,
0.53, and 0.47 nm2. Adding the term RT ln C will result to
a change to 6.9, 7.9, and 7.0 kcal/mol. The values
reported by experiments in detergents ranged from 3.8
to 7.5 kcal/mol (57,61). Our estimates are in quantitative
agreement and a significant improvement over past predic-
tions of 11.5 5 0.4 (21) or 9 kcal/mol if standardized
appropriately (24). We also note the excellent agreement to
the theoretical predictions by Zhang and Lazaridis (24) of
7.7 5 1.8 kcal/mol.Biophysical Journal 99(1) 284–292
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FIGURE 5 (A) Average tilt t of helices as a func-
tion of x. (B–D) Crossing angle U as a function of x
in (B) DLPC, (C) DPPC, and (D) DOPC. Darker
color represents higher probability.
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We studied the association of GpA in lipid membranes using
recently developed parallel MC simulations (45) and models.
Despite the application of efficient algorithms, extended
computational time was required for our systems (studied
on 128 processors for over a month). It would be highly
desirable to use data extracted for further development of
efficient implicit membrane methods or theoretical estima-
tions (23,24).
Although excellent agreement is found to existing data,
our results provide further insight into the mechanism of
protein dimerization. Specifically, we have shown that asso-
ciation is assisted by the lipid-induced interactions with the
most favorable contributions rising from the bilayer present-
ing the highest structural order. However, at intermediate
distances, repulsive lipid-induced interactions are present
and most significant for the thickest membranes. In addition,
proteins tilt to a different extent, depending both on mem-
brane properties and amino-acid sequence. This leads to
the formation of multiple favorable dimers along the same
interface that all contribute to dimerization.
Clearly our study did not account for ectodomains;
however, given the agreement with experiments, we believe
that relative TM contributions were accurately predicted.
Furthermore, we note that the PMF profiles are a result
of coupled competitive or synergistic lipid-induced and
protein-protein interactions. The former depend on mem-
brane composition as well as on the ability of the helices
to efficiently dimerize and increase the available volume to
the lipids; this effect is directly related to amino-acid
sequence. Protein-protein interactions depend on the inter-
faces formed which, as shown in our study, can beBiophysical Journal 99(1) 284–292modulated by the lipid environment. The importance of
stabilization of the dimer in terms of interface (and not
only proximity) is paramount for TM receptors (62).
Cell membranes are multicomponent; red cell membranes
contain numerous distinct lipid species (e.g., with choline
and ethanolamine headgroups). Any of the studied bilayers
herein is a simple model of the complex native lipid environ-
ment of GpA. Efficient MC moves (e.g., identity exchanges)
could be introduced in our algorithms to extend our studies
to such direction. Another area of particular interest is the
study of protein concentration effects (63). Herein, we
remained at the limit of infinitely-low protein concentration
and it is unclear how the presence of many protein molecules
would affect association. Such subjects would be addressed
in future research.
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